Abstract Recently we described a new phenomenon of anodotropic pseudopod-like blebbing in U937 cells exposed to nanosecond pulsed electric field (nsPEF). In Ca 2? -free buffer such exposure initiates formation of pseudopod-like blebs (PLBs), protrusive cylindrical cell extensions that are distinct from apoptotic and necrotic blebs. PLBs nucleate predominantly on anode-facing cell pole and extend toward anode during nsPEF exposure. Bleb extension depends on actin polymerization and availability of actin monomers. Inhibition of intracellular Ca 2? , cell contractility, and RhoA produced no effect on PLB initiation. Meanwhile, inhibition of WASP by wiskostatin causes dose-dependent suppression of PLB growth. Soon after the end of nsPEF exposure PLBs lose directionality of growth and then retract. Microtubule toxins nocodazole and paclitaxel did not show immediate effect on PLBs; however, nocodazole increased mobility of intracellular components during PLB extension and retraction. Retraction of PLBs is produced by myosin activation and the corresponding increase in PLB cortex contractility. Inhibition of myosin by blebbistatin reduces retraction while inhibition of RhoA-ROCK pathway by Y-27632 completely prevents retraction. Contraction of PLBs can produce cell translocation resembling active cell movement. Overall, the formation, properties, and life cycle of PLBs share common features with protrusions associated with ameboid cell migration. PLB life cycle may be controlled through activation of WASP by its upstream effectors such as Cdc42 and PIP2, and main ROCK activator-RhoA. Parallels between pseudopod-like blebbing and motility blebbing may provide new insights into their underlying mechanisms.
Introduction
Pulsed electric fields induce permeabilization of plasma membrane that leads to water uptake and transmembrane ion transport [62] . Water uptake follows Donnan-type colloidosmotic mechanism and manifests in cell swelling [68] and blebbing [25] . Blebbing of the cell membrane occurs predominantly in the areas of weak membrane to cytoskeleton adhesion [14] and cell cortex breakage [43] . Alternatively, blebbing may result from the increase in cortex contractility [40] and the associated rise in the intracellular pressure [10] . The exact mechanisms of blebbing in cells exposed to pulsed electric fields (PEF) are not yet known. Typical PEF-induced blebs are clear non-retractable spherical membrane extensions that develop during or after pulse exposure [67] . Nanosecond pulsed electric field (nsPEF) exposure also produces blebbing [42] . Morphologically these blebs are similar to blebs described for other types of stress [2] . Recently we reported a new nsPEF-induced type of blebbing that shows features characteristic for physiological rather than stress-induced blebbing [52] . Pseudopod-like blebs (PLBs) that form in U937 cells in Ca 2? -free conditions exhibit directional growth during nsPEF treatment. Moreover, PLBs are polarized and retractable membrane protrusions similar to blebs of migrating cells [19, 12] . The knowledge collected about blebbing motility to date [75] may allow one to infer the mechanisms of electroporation-induced PLBs.
Cells migrate through repetitive cycles of membrane extension and retraction [50] , and rely on two distinct modes of translocation-mesenchymal and ameboid motility, distinguished by protrusion morphology and regulation [3] . Mesenchymal cells predominantly develop actin-rich protrusions, lamellipodia and filopodia, on the leading edge; and contractile actomyosin filaments on the trailing edge [18] . Ameboid cells employ bleb-like protrusions driven by intracellular pressure rather than by actin polymerization [49] . While actin-based mesenchymal migration relies on specific adhesion interactions (e.g., integrins) with extracellular matrix (ECM) [72] , ameboid migration allows cells to squeeze through ECM autonomously [33] employing just low-affinity nonspecific interactions with matrix barriers [53] . Low substrate dependence and reliance on contraction-driven propulsion makes blebbing motility an effective strategy for cancer invasion [46] and extravascular leukocyte migration [73] . Migration velocity through ameboid translocation may reach 20 lm/min in contrast to mesenchymal migration velocity of 1 lm/min [21] . Blebbing motility follows basic migration steps-reversible membrane detachment on the front end; forward cytoplasm streaming and contraction of the cell rear end [4] . Regulators of blebbing motility at different stages of bleb cycle may be important for identification of regulators of nsPEF-induced PLBs.
While formation of actin-rich protrusions is studied at length, molecular mechanisms of blebbing only begins to emerge [54] . Regulation of actin protrusion assembly by Rho family of small GTPases, namely by the best studied members Cdc42, Rac1, and RhoA, is a widely accepted notion [51] . Cdc42 and Rac1 promote actin polymerization and formation of actin-rich protrusions [55, 31] , while RhoA regulates assembly of actomyosin responsible for trailing edge retraction and contractility of the cell cortex [59] . Although the role of small GTPases in blebbing motility is deemed important, the detailed effects on different bleb stages are not yet clear [54] . Cdc42 regulates cell polarization [17, 74] and maintenance of ameboid and mesenchymal cell morphology [34, 23] . The role of Rac1 and RhoA is less clear. Some reports suggest that both GTPases take part in bleb extension [29] , while others state that Rac1 and RhoA play distinct and mutually exclusive roles in ameboid and mesenchymal migration [61] . The antagonism between Rac1 and RhoA is well established [57] and may act as a regulatory switch between actin-and bleb-driven migration modes [45] . Cells with high Rac1 activity generally favor actin-driven mesenchymal migration [60] in agreement with the central role of Rac1 in actin protrusion formation [64] . Meanwhile, cells with high RhoA activity exhibit bleb-driven ameboid migration [58] , consistent with the modulatory role of this GTPase in actomyosin contractility. Contractility may cause fluctuation in internal cell pressure, thereby causing disruption of membrane-cytoskeleton adhesion and bleb nucleation [39] . In non-muscle cells RhoA regulates actomyosin contractility through its main effector Rho kinase (ROCK) [36] . ROCK activates non-muscle myosin II (NM II) through phosphorylation of myosin regulatory light chain (MLC) [70] and inhibition of myosin light chain phosphatase (MLCP), an enzyme removing activating phosphate from MLC [31] . Presumably, ROCK is also able to activate MLC directly [1] . Another potent modulator of NM II is myosin light chain kinase (MLCK) [66] . MLCK is activated by Ca 2? -calmodulin and, unlike ROCK, exerts its stimulatory effect on MLC in response to changes in Ca 2? concentration [47, 22] . The role of small GTPases in cell motility and blebbing makes them central candidates for regulation of protrusive activity in PLBs.
Actin polymerization and actomyosin contractility play a central role in protrusion and bleb formation; however, their implication in pseudopod-like blebbing is not yet clear. PLBs represent a polarized and directed cell response that is likely coordinated by the same mechanisms as other cell protrusions. Identification of factors responsible for conversion of nsPEF stimulus into membrane and cytoskeleton rearrangements is central for understanding of pulse-induced effects on cells. Investigation of these mechanisms may help to produce a model for studying blebbing motility. Such motility is shown to be important in cancer dissemination [20] , and leukocyte and primordial germ cells migration [65] . Here, we investigate the mechanisms of nsPEF-induced PLBs and discuss their relevance to blebbing motility.
Materials and Methods
Cell Line and Propagation U937 human promonocytic cell line was obtained from the ATCC (Mannanas, VA) and propagated at 37°C with 5 % CO 2 in air. Cells were grown in RPMI 1640 medium containing L-glutamine and supplemented with 10 % fetal bovine serum and 1 % penicillin/streptomycin. Cell culture components were obtained from Atlanta Biologicals (Norcross, GA) or Mediatech Cellgro (Herndon, VA).
Fluorescent Dyes, Experimental Buffers and Chemicals
All experiments were performed in a bath buffer that contained (in mM) 135 NaCl, 5 KCl, 4 MgCl 2 , 10 HEPES, 2 Na-EGTA, and 10 glucose at pH 7.4 and osmolality of about 290 mOsm/kg. Oregon Green Ò 488-phalloidin and BAPTA-AM were purchased from Invitrogen (Eugene, OR). Wiskostatin was purchased from Tocris Bioscience (Bristol, United Kingdom). Jasplakinolide was obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and exoenzyme C3 transferase (RhoA inhibitor) from Cytoskeleton (Denver, CO). Other chemicals, including thapsigargin, (-)-blebbistatin, latrunculin A, nocodazole, paclitaxel, and Y-27632 were purchased from Sigma-Aldrich (St. Louis, MO). Oregon Green Ò 488-phalloidin was dissolved in 100 % methanol to obtain 6.6 lM stock solution which was added to a final concentration of 13.3 nM to the experimental buffer. All other reagents were dissolved in 100 % DMSO. In experiments where vehicle-to-buffer concentration exceeded 1:1,000 ratio, vehicle was used as a negative control; 0.1 % DMSO in blebbistatin series and 0.25 % DMSO in Y-27632 series. In experiments using 13 lM BAPTA-AM and 50 nM thapsigargin, cells were preincubated at room temperature with reagents in the bath buffer for 30 or 15 min, respectively. In blebbistatin series, cells were preincubated with 100 lM blebbistatin at 37°C for 30 min in the full growth medium. The exposure of cells to reagents in the microscope chamber before pulse delivery and data recording was kept to a minimum and typically did not exceed 3 min.
Cell Imaging and Image Analysis
For live cell time lapse imaging, a suspension of U937 cells was transferred into a Petri dish with fibronectin-covered glass coverslips (Neuvitro Corporation, El Monte, CA). The suspension was left in incubator for at least 30 min to allow cells to precipitate onto the coverslip surface. Then the coverslip was briefly washed in the bath buffer and transferred to the microscope. Image recording was performed in a glass-bottomed chamber (Warner Instruments, Hamden, CT) mounted on an IX81 motorized inverted microscope (Olympus, Center Valley, PA). Differential interference contrast (DIC) and fluorescence imaging were performed using a 40 9 dry objective with (NA 0.95). Cell images were recorded using a FV1000 confocal laser scanning system (Olympus). Typically, images were taken at regular intervals of 2-5 s. Recordings started concurrently with a 2-min nsPEF treatment and continued for 5-8 min after the end of pulse exposure.
All the experiments were performed at a room temperature of 22-24°C. Cell images were quantified using FluoView v. 3.1 (Olympus) and MetaMorph v. 7.7 (Molecular Devices, Sunnyvale, CA) software.
nsPEF Treatment and Local Electric Field Modeling
Exposure of individual cells to nsPEF was performed as described previously [5] . Pulses were delivered to a group of 3-6 cells with a pair of custom tungsten rod electrodes (0.08 mm diameter and 0.15 mm gap). Electrodes were positioned at 50 lm above the coverslip surface using a robotic micromanipulator (MP-225; Sutter, Novato, CA), so that the selected cells were located in the center between their tips ( Fig. 1 ). Nearly rectangular 60 ns pulses were generated in a transmission line-type circuit, by closing a MOSFET switch upon a timed delivery of a TTL trigger pulse from pClamp software via a Digidata 1322A output (MDS, Foster City, CA). The exact nsPEF delivery protocol and synchronization of nsPEF delivery with image acquisition were programmed in pClamp. In all the experiments described in this paper, cells were exposed to 2,400 pulses at 12 kV/cm; the pulse repetition rate was 20 Hz, so the entire treatment lasted 120 s. These optimal pulse conditions were established previously [52] . The E-field between the electrodes was determined by a 3D simulation with a finite-element Maxwell equation solver Amaze 3D (Field Precision, Albuquerque, NM). The exact nsPEF shapes and amplitudes were captured and measured with a Tektronix TDS 3052 oscilloscope (Beaverton, OR). Experiments included the appropriate controls in which cells were subjected to identical manipulations but without the tested substances.
Results

Life cycle of Pseudopod-Like Blebs
Pseudopod-like blebbing was studied on U937 cells exposed to long trains of nsPEF. In a typical experiment a group of cells loosely attached to the coverslip was positioned between two pulse-delivering electrodes ( Fig. 1 ) and exposed to nsPEF as described above. Pseudopod-like bleb life cycle can be divided into separate consecutive stages (Fig. 2) . Initially, bleb formation starts with nucleation predominantly on anode-facing cell surface after 15-30 s of pulse treatment. Before nucleation the cell may exhibit minor rounding and smoothing of surface features. After nucleation, the bleb begins a steady and gradual extension toward the anode under continual nsPEF exposure. Upon advancement, the leading edge of PLB leaves behind a translucent longitudinal stalk. Although the stalk may bend and leave the focal plane, the growth direction is almost exclusively anodotropic and is maintained throughout the whole exposure duration. Even PLBs that nucleate on cell flanks commonly deflect toward anode early in the extension (Fig. 3a) . Typical PLB extends from the cell surface for as much as 30 lm. When exposure stops, the bleb growth may continue for a period of 15-60 s; however, without nsPEF the growth direction becomes random (Fig. 3b) .
After the end of pulse treatment and a short period of stabilization PLBs start to retract. Retraction results in a partial reduction in bleb length and width. The extent of retraction varies drastically among cells, from barely detectable crumpling to almost complete pulling back into the cell body. During the retraction, PLBs assume crumpled contracted appearance concurrent with swelling of the cell body and/or de novo formation of the secondary rounded blebs (Fig. 3c) . The elevated position of pulsedelivering electrodes favors the extension of PLBs into the solution. However, even in such a configuration PLB growth tip can make contact with the coverslip surface. In this case, PLB gets attached to the coverslip and its retraction pulls the cell body forward causing cell translocation (Fig. 3d) .
Fluorescent Actin Labeling
Development of membrane pores due to pulse treatment renders cell membrane permeable to small organic compounds including fluorescent molecules such as Oregon Green Ò 488-phalloidin conjugate (MW*1180). The uptake of fluorescent phalloidin conjugates results in fast labeling of cellular actin [52] . Such uptake starts immediately after the beginning of nsPEF application; and by the moment of PLB nucleation, the actin staining develops to the full extent. Actin labeled with Oregon Green Ò 488-phalloidin is initially confined to cell soma, but as PLB grows the conjugate stains bleb cortex (Fig. 4) . Bleb interior remains largely devoid of actin; however, the base region of PLB commonly shows a portion of actin-rich cell components protruding into bleb lumen through the bleb neck. Bleb cortex remains seemingly steady during the bleb growth but in retraction bleb assumes crumpled appearance that is manifested in further fluorescent staining development corresponding to increased cortex thickness. Retracting bleb gradually shortens, and its folded membrane takes up most of the bleb interior that in turn produces intense actin fluorescence. In the most explicit scenario PLB may retract completely or leave behind only a small actin-rich spike.
Role of Contractility in PLB Extension and Retraction
Bleb studies suggest that cortex contractility is essential for stimulation of blebbing [44] . Cell contractility in nsPEFtreated cells may be stimulated by intracellular calcium increase. Even though PLB experiments are performed in a Ca 2? -free buffer, nsPEF exposure stimulates the release of intracellular Ca 2? that may rise to physiologically relevant concentrations [71, 63] . In order to establish the implications of intracellular Ca 2? release on PLB initiation we incubated cells in a Ca 2? -free buffer with Ca 2? chelator BAPTA-AM or reticulum Ca 2? ATPase inhibitor thapsigargin. After incubation U937 cells were still able to produce PLBs (not shown). These results suggest that intracellular Ca 2? release does not play an essential role in PLB development. Cell cortex contractility can also be suppressed by a myosin inhibitor blebbistatin and RhoA-ROCK inhibitor Y-27632 [43] . Inhibition of the cortex contractility by a myosin ATPase inhibitor blebbistatin [32] is attained through the specific inhibition of nonmuscle myosin isoforms [37] . Our experiments established that PLB-forming capacity of U937 cells is not affected by blebbistatin. The average bleb lengths in control and treatment groups were not significantly different. At the same time, bleb retraction was significantly inhibited, although the inhibition was only partial even at the maximal tested drug concentration (Fig. 5) . Likewise, cell treatment with a RhoA-ROCK inhibitor Y-27632 did not prevent PLBs extension but could fully block their retraction and crumpling leaving PLBs completely static ( Toxins affecting actin polymerization prevent formation of PLBs. Actin polymerization inhibitor latrunculin A [13] at the concentration of 100 nM causes almost complete inhibition of PLB growth and this inhibition is not caused by the interference with bleb nucleation (Fig. 6 ). According to the poroelastic cell model actin inhibition may suppress bleb nucleation due to degradation of cell cortex [41] . With regard to PLBs such degradation could prevent initiation of their formation. However, despite the significant inhibition of PLB extension, latrunculin A did not prevent bleb nucleation per se. Inhibition of nucleation by 100 nM latrunculin A started after at least 10-min incubation. In that case, nsPEF treatment produced uniform cell swelling but no blebs (not shown). Another actin toxin, jasplakinolide, also demonstrated PLB inhibition. Jasplakinolide increases the rate of actin nucleation and stabilizes F-actin leading to depletion of actin pool [6] . Cells exposed to pulses immediately after being placed in the buffer with 1 lM jasplakinolide were able to form and retract PLBs. However, cell exposure after 10-min incubation with 1 lM jasplakinolide resulted in a random nucleation of nonretractable spherical blebs on the cell surface (not shown).
We also investigated the effect of tubulin toxins, nocodazole and paclitaxel, on PLB formation. Pulse exposure of cells in the presence of 1 or 10 lM of nocodazole, a microtubule inhibitor [24] , did not prevent PLB development. Interestingly, due to nocodazole, nuclei of some cells completely protracted from the cell body into PLB interior during its retraction phase (Fig. 7) . Incubation of U937 cells with 10 lM nocodazole for 10 min caused their disfiguration and such cells did not produce PLBs. Paclitaxel, a tubulin-stabilizing reagent [28] , at 1 and 10 lM did not seemingly affect PLB extension or retraction with or without 10-min incubation (data not shown) .
PLB Growth is Suppressed by Inhibition of WiskottAldrich Syndrome Protein (WASP)
Actin polymerization is essential for PLB formation; however, upstream effectors of polymerization are not clear. RhoA inhibition and contractility suppression do not affect PLB extension stage. We tested whether bleb extension is affected by wiskostatin, the inhibitor of WASP activation that also prevents WASP interaction with upstream effectors such as Cdc42 and PIP2 [15] . WASP activation is essential for activation of actin polymerization [56] . WASP activates Apr2/3, a complex that stimulates actin nucleation and branching and thereby de novo formation of actin filaments [9] . Wiskostatin can inhibit WASP interaction with Cdc42 [48] , a major cytoskeleton regulator in mesenchymal and ameboid motility. Indeed, we found that wiskostatin caused a dose-dependent suppression of PLB growth (Fig. 8) . PLBs formed in the presence of wiskostatin were wider and shorter than those in the controls (Fig. 8) . While 2 lM wiskostatin had no effect on PLB growth, the presence of 10 lM wiskostatin significantly reduced the PLB length. In the highest tested wiskostatin concentration (25 lM) nsPEF induced formation of short rounded blebs on the anodic cell pole.
Discussion
Pseudopod-like blebbing represents a coordinated response to permeabilization of the plasma membrane by nsPEF. Such response is not produced by a direct physical effect of pulses on cellular molecules (i.e., electrophoresis) but rather represents a cell reaction to water uptake through a Donnan-type colloid-osmotic mechanism [52] . PLB extension is guided by nsPEF presumably due to support of local permeabilized state of anodic cell pole. Electrical potential imposed on the cell membrane during pulse application favors permeabilization of anodic pole due to enhancement of induced transmembrane potential by resting membrane potential. The connection between continual high-rate pulse application and permeabilization is highlighted by two observations: (1) after exposure termination, permeabilization may sustain and feed a sluggish bleb extension; however, pulse guiding effect is terminated which results in a random drift of growth direction; and (2) when PLBs are nucleated on cell flanks instead of the anodic pole, they maintain anodotropic growth direction, further suggesting that pulse stimulation provides guidance throughout the whole treatment. Pseudopod-like bleb maintains elongated shape and growth through actin polymerization utilizing free actin pool. Oregon Green Ò 488-phalloidin conjugate staining shows that actin is associated with PLB membrane from the beginning of bleb extension. Cell exposure to latrunculin A, an actin polymerization inhibitor, completely prevents PLB extension. Besides actin polymerization, latrunculin A may also disrupt cortical actin of cell soma [27] that may prevent PLB nucleation. We demonstrated that latrunculin A inhibits PLBs before it prevents bleb nucleation, thereby cells lose ability to produce PLBs but form static rounded blebs. Disruption of the cell cortex and complete inhibition of bleb nucleation requires at least 10-min incubation with latrunculin A. Experiments with jasplakinolide prove that PLB growth also relies on free actin. Immediate cell exposure to 1 lM jasplakinolide does not affect PLB formation; however, after 10-min incubation the nsPEF treatment causes the formation of regular rounded blebs only. This effect is explained by depletion of cellular pool of free actin [7] , thus making actin monomers unavailable for PLB extension. Although the exposure to actin toxins and drug concentrations were kept at minimum, we cannot exclude the development of more complex cellular effects and alternative explanations to these data. Microtubules seem not to play an immediate role in PLB life cycle. Inhibition of microtubules by 1 lM nocodazole has no apparent effect on PLBs, while 10 lM nocodazole inhibits PLBs causing apparent cells disfiguration. Interestingly, nocodazole treatment facilitates translocation of nucleus into PLB. This effect may be interesting in view of reports about stimulating effect of tubulin toxins on blebbing motility [16] . The lack of definitive role of microtubules in PLB formation was further supported by the absence of paclitaxel effect.
Small GTPases play an important role in protrusion formation and blebbing motility. Here, we show that contrary to blebbing motility, RhoA and cortex contractility are not essential for PLB nucleation and extension. Meanwhile, PLB retraction is driven by actomyosin contractility that requires activation via RhoA-ROCK-dependent pathway. Such regulation is consistent with retraction mechanisms in physiological blebs [11] . During retraction PLBs demonstrate slow shrinkage and crumpling. Due to contraction of PLB, the liquid extruded into cell body causes swelling and/or formation of the secondary rounded blebs. The trigger for retraction is not yet clear; however, its activation apparently requires termination of permeabilizing nsPEF treatment and deactivation of PLB extension mechanisms.
Pseudopod-like bleb extension relies on actin polymerization due to WASP activation that may be caused by upstream effectors of WASP, such as Cdc42 or PIP2. Inhibition of WASP by wiskostatin showed a dose-dependent suppression of PLB extension. In the presence of wiskostatin PLBs are still nucleated on the anodic cell pole; however, their length is significantly smaller. Short PLBs formed in the presence of wiskostatin maintain polarity and protrusive growth. Of note, effects of wiskostatin on PLBs develop at low concentrations and do not require incubation that reportedly causes toxicity in cells [26] . Further confirmation of the role of WASP and ROCK effectors, such as small GTPases Cdc42 and RhoA, will require more specific approaches that are currently impeded by low efficiency of genetic manipulations in U937 cells [38] .
The above experiments clearly show that under Ca 2? -free conditions, nsPEF treatment can initiate and guide the formation of protrusive extensions, PLBs, in U937 cells. In the presence of Ca 2? in the experimental buffer (e.g., 2 mM) nsPEF treatment instead of PLBs produces diffuse blebbing succeeded by microvesiculation. These irreversible changes, particularly in hematologic cells like U937, are consistent with Ca 2? -induced toxicity and presumably cell death. In contrast to diffuse blebs PLB life cycle is orchestrated by coordinated rearrangements of the cell cytoskeleton. PLB extension is maintained by the activation of actin polymerization, while retraction requires the activation of myosin contractility. PLBs retraction can be coupled to the cell body translocation, and, therefore, may serve as a simple model of bleb motility. We provide evidence that PLB life cycle may be controlled by WASP and ROCK effectors, such as Cdc42 and RhoA. Considering wide implications of these GTPases in cell physiology [8] , their further investigation may provide new insights for the use of nsPEF technology in biomedical applications. PLBs may provide a valuable tool for investigation of bleb-like protrusions and their correspondence to actin-driven cellular protrusions [35] . Although physiological relevance of PLBs is yet to be determined, using nsPEF to induce cell polarization, directed membrane extension, and cell locomotion offers prospects for further investigation.
